the rodent malaria parasite Plasmodium chabaudi chabaudi shares many features with human malaria species, including P. falciparum, and is the in vivo model of choice for many aspects of malaria research in the mammalian host, from sequestration of parasitized erythrocytes, to antigenic variation and host immunity and immunopathology. this protocol describes an optimized method for the transformation of mature blood-stage P.c. chabaudi and a description of a vector that targets efficient, single crossover integration into the P.c. chabaudi genome. transformed lines are reproducibly generated and selected within 14-20 d, and show stable long-term protein expression even in the absence of drug selection. this protocol, therefore, provides the scientific community with a robust and reproducible method to generate transformed P.c. chabaudi parasites expressing fluorescent, bioluminescent and model antigens that can be used in vivo to dissect many of the fundamental principles of malaria infection.
IntroDuctIon
Although much is known about the parasite species that cause human malaria and widespread disease, efforts to control malaria still remain far from the development of an effective panel of new anti-malarial drugs or a vaccine. Obvious ethical limitations have severely limited research aimed at the rational design of malaria therapeutics and at an understanding of the complex host-parasite interactions in humans. Animal models of malaria have, therefore, proven to be extremely important, and rodent models are foremost in providing significant insights into parasite genetics and biology and host immunity.
Infections with the rodent malaria parasite Plasmodium chabaudi chabaudi in mice share many characteristics with P. falciparum infection in humans: erythrocytes infected with mature P.c. chabaudi parasite stages rosette, sequester and withdraw from the peripheral circulation. Furthermore, primary P.c. chabaudi infections follow a chronic and recrudescing course, during which the parasite undergoes antigenic variation; mice that have recovered from a primary infection are immune to re-infection with a homologous strain, but they can be susceptible to infection with a heterologous strain of P.c. chabaudi (reviewed in refs. 1,2). Thus, P.c. chabaudi can be regarded as a very useful model for studying sequestration of parasitized erythrocytes, the potential role of antigenic variation in chronic infection, the pathology that ensues after infection, and the various aspects of innate and acquired host immunity, which can lead to protection or immunopathology. In addition, the availability of genetically distinct strains of P.c. chabaudi with different virulence, growth and rates of sexual differentiation has allowed studies that have revealed unexpected aspects of the parasite's evolution and reproductive strategies [3] [4] [5] . Transfection of malaria parasites has proven to be an essential and powerful tool in elucidating aspects of parasite biology, particularly during the stages of the parasite's lifecycle in the mosquito and, subsequently, in the mammalian host, during the invasion of red blood cells by merozoites and during the intra-erythrocytic development of parasites. The rodent malaria parasites, P. berghei and P. yoelii, have proven to be especially informative in such studies.
High-efficiency transformation in these parasites relies on the fact that they display a strong preference for invasion and development within reticulocytes, and that infected reticulocytes do not undergo schizogony (rupture of mature parasite-infected erythrocytes) under the relatively static conditions of in vitro culture. Thus, developmentally arrested schizonts can be purified in high numbers from culture and mechanically ruptured to release free merozoites, the optimal stage for transfection, immediately before electroporation (for a detailed description, see ref. 6 ).
Although P.c. chabaudi shares many characteristics with P. falciparum, and offers many advantages over both P. berghei and P. yoelii as the in vivo rodent malaria model, research has been hampered by the lack of efficient transfection technology for this parasite. Obstacles to the development of efficient protocols include the fact that P.c. chabaudi has a slower proliferation rate in the face of an effective host immune response than P. berghei as well as the technical limitations in obtaining high numbers of merozoites. Mature stages of P.c. chabaudi within erythrocytes sequester in deep tissues in vivo and cannot be isolated from the circulation and, unlike P. berghei and P. yoelii, rupture during schizogony in vitro. Previously, we described the generation of the first P.c. chabaudi transgenic parasite line expressing the green fluorescent protein using unpurified mature blood-stage parasites from the fast-growing P.c. chabaudi line AJ 5 . However, the protocol used was exceptionally laborious, requiring intensive monitoring to detect patent infections of transformed parasites in mice before immune clearance. Furthermore, the transformation efficiency obtained using this protocol was insufficient for routine laboratory use, or for the reliable modification of less-virulent or slower-growing P.c. chabaudi lines, including the AS strain-the parasite of choice for studying the immunology of the host-parasite interaction.
Here, we describe an optimized protocol for transformation of blood-stage P.c. chabaudi parasites (Fig. 1a) . The efficiency of transformation has been markedly improved by the development of in vivo and in vitro protocols for the production of large numbers of merozoites, the design of a transfection vector that specifically targets nonessential regions of the P.c. chabaudi genome and the use of mice lacking an effective immune response for selection of transformed parasites. Fluorescent parasites that we have recently generated using this protocol have proven to be powerful tools in analyses of antimalarial immune responses in mice 7, 8 , and can be used for in vivo imaging of parasite sequestration, cellular interactions and parasite-associated pathology; they are also useful for the rapid discrimination of parasite strains in co-infection studies. Isolate and culture parasitized erythrocytes at 37 °C to induce maturation of schizonts.
Resuspend schizonts in plasmid/nucleofector solution, electroporate and inject iv into Rag2 -/-mice.
Add pyrimethamine to the drinking water of mice to apply drug selection to transformed parasites.
Prepare level 0 stabilates and transfer into multiple Rag2 -/-mice to expand the line.
Prepare level 1 stabilates and isolate transformed parasites for characterization. 
MaterIals

REAGENTS Parasites
We have generated transfected lines of P.c. chabaudi AS (Pcc AS) and P.c. chabaudi AJ (Pcc AJ). Other P.c. chabaudi strains may also be transfected. Pcc AS can be obtained from the WHO Registry of Standard Malaria Parasites, University of Edinburgh. We use stabilates that are no more than ten passages from mosquito transmission ! cautIon More virulent strains of P.c. chabaudi may cause unacceptably severe disease at high parasitemia in mice.
Mice
Animals are bred under specific pathogen-free conditions at The National Institute for Medical Research (UK). They may be purchased from Harlan or Jackson laboratories. We routinely use wild-type BALB/c mice or immunocompromised Rag2 − / − BALB/c mice (between 6 and 8 weeks of age, and at ~20 g body weight). Mice are housed under reverse light conditions (light 1900-0700 hours/dark 0700-1900 hours) at 22 °C and 50% relative humidity, and they have continuous access to food and water ! cautIon All experiments involving animals must be performed according to local and national guidelines and regulations ! cautIon Host diet can affect the reproducibility of rodent malaria infections (e.g., a 4-aminobenzoic acid (PABA)-fortified diet may be required). ) in acidified drinking water (pH 3.5-5.0; make fresh). Requires changing weekly.  crItIcal Pyrimethamine is light sensitive. Use black drinking bottles (or foil-wrap clear drinking bottles) to protect from light. DNA plasmid preparation Linearized DNA construct (2.5 µg) dissolved in 5 µl TE buffer or distilled water (stored at − 20 °C) is used for transfection (see Step 18). These constructs contain the Toxoplasma gondii DHFR selectable marker (Tg-dhfr), target sites for integration into the P.c. chabaudi genome and a reporter gene expressed under the control of the constitutive promoter ef-1α. Details of the construction of vectors for transfection of rodent malaria parasites are described in Franke-Fayard et al. 9 . To generate a vector that introduces the gene encoding mCherry into the P.c. chabaudi SSu-rRNA locus on chromosomes 5, the PF0017 plasmid vector 9 was modified as follows: (i) A KpnI-ApaI fragment of the P. berghei SSu-rRNA target region of pL0017 was excised and replaced with the corresponding 704-bp region of P.c. chabaudi chromosome 5 SSu-rRNA that was amplified from Pcc AS genomic DNA using the primers; GACTGGTACCAGTAGTCATATGCTTGTCTC and CAATGGGCCCTA TAGTTAAAAGTACGACGAGGC (restriction sites underlined); (ii) The BamH1-Not1 fragment of PF0017 encoding green fluorescent protein was excised and replaced with a customized synthetic gene (Genscript USA) encoding mCherry.
General reagents
Donor mice infection Donor Rag2
− / − BALB/c mice are infected with at least 10 6 parasites, maintained through routine weekly passage from frozen stocks (see Box 1). A high inoculum is administered to grow parasites rapidly to a high level of parasitemia, minimizing damage to parasites and anemia in mice. This maximizes the quality and yield of donor parasites, which should be isolated at between 40% and 50% parasitemia following the monitoring and enumeration of thin blood smears (see Box 2). In this way, one donor mouse will provide ~5 × 10 8 parasitized erythrocytes.
Recipient mice infection Recipient Rag2
− / − BALB/c mice are infected with 2.5 × 10 7 transfected P.c. chabaudi schizonts. . 3. On the morning of day 7 post-infection, collect 12 µl of blood from the tail tip of each of the three BALB/c pass mice, mix with 36 µl KSGH and place on ice. 4. Prepare a thin blood smear and enumerate parasites for each pass mouse, selecting a single mouse (on the ascending curve of infection, with a parasitemia in the range of 5-20%) as the donor for passage. 5. Determine erythrocyte concentration, after dilution in KSGH, using a cell counting chamber, and calculate the number of parasitized erythrocytes (pE) per ml of solution. 6. Perform serial dilutions, using KSG as diluent, to give the following concentrations: 10 5 , 10 6 and 10 7 pE per ml. 7. Inject 100 µl of each concentration of pE i.p. into a single BALB/c mouse, giving three BALB/c mice infected with an ascending number of trophozoite-stage parasites: 10 4 , 10 5 and 10 6 . 8. Repeat Steps 2-7 every 7 d. Thus, on any given day, there is a pass mouse on the ascending curve of infection that can be used to initiate experimental infections. ! cautIon At every 4 weeks, routine passage is initiated with a cryopreserved stock of P.c. chabaudi, so that parasites are never more than four passages from the original line.
proceDure Infection of donor mice with P.c. chabaudi • tIMInG ~7 d 1| Acclimatize donor Rag2 − / − BALB/c mice to reverse light conditions for at least 1 week before infection. P.c. chabaudi infections in mice kept under reverse light conditions will undergo synchronous schizogony at 1200-1400 hours. ! cautIon All experiments involving animals must be performed according to local and national guidelines and regulations.
2| Inject donor mice intraperitoneally (i.p.) with at least 10 6 parasites (obtained from BALB/c pass mice; see Box 1). Monitor the infection daily on thin blood films (see Box 2).  crItIcal step A high inoculum must be administered to grow parasites rapidly to a high level of parasitemia, minimizing damage to parasites and preventing anemia in mice. ! cautIon Daily monitoring of parasitemia is essential to avoid unacceptable levels of disease severity.  pause poInt The time taken to reach 40-50% parasitemia will depend on the initial inoculum. Rag2 − / − BALB/c mice infected with 10 6 Pcc AS in our laboratory will reach 40-50% parasitemia by day 7 post infection. ? trouBlesHootInG P.c. chabaudi isolation and culture • tIMInG ~1.5 h 3| On the morning of transfection, when parasitemia is between 40% and 50% in donor mice, isolate parasites at the late trophozoite stage; in our laboratory, this is carried out at 1100 hours. To do so, euthanize donor mice with an i.p. injection of 50 µl of Pentoject (or equivalent), and monitor them until respiration ceases. ? trouBlesHootInG 4| Flood the fur of the mouse with 70% (vol/vol) ethanol and move into a sterile hood.
5|
Dissect to expose the thoracic cavity. Transfer 200 µl of prewarmed KSGH into the cavity, cut the aorta and collect the blood with a sterile Pasteur pipette. Alternatively, collect blood into a prewarmed syringe containing KSGH by cardiac puncture.  crItIcal step All media (KSGH, buffered RPMI and complete RPMI) should be prepared aseptically and should be prewarmed to 37 °C. All equipments (bench-top centrifuge, water bath and incubator) should be maintained at 37 °C before starting the transfection procedure and all disposable plastics (centrifuge tubes and tissue culture flasks) should be prewarmed to 37 °C. Failure to maintain the parasitized erythrocytes at 37 °C may result in delayed or arrested parasite maturation. ! cautIon Respiration and responses to external stimuli must have ceased before dissecting donor mice. Mice should be exsanguinated quickly, while the heart is still beating, to maximize yield of parasitized erythrocytes.
6|
Transfer the collected blood to a 15-ml centrifuge tube, placed in a water bath or beaker of water maintained at 37 °C, and pool the blood from all donor mice.
7|
Measure the total volume of collected blood and, for every 1 ml of blood, add 10 ml of prewarmed buffered RPMI. The blood can be transferred into 50-ml centrifuge tubes for large volumes. Pellet the erythrocytes by centrifugation at 400g for 5 min at 37 °C.
8|
Aspirate the supernatant and gently bring the cells back into suspension in 10 ml of prewarmed buffered RPMI for each 1 ml of starting blood volume. Centrifuge at 400g for 5 min at 37 °C.
9| Repeat
Step 8 to wash the erythrocytes a second time.
10|
Aspirate the supernatant and gently bring the cells back into suspension in the appropriate volume of prewarmed complete RPMI to bring the level of hematocrit to 3.0%.  crItIcal step Assuming that the donor mice are not yet anemic from the infection, hematocrit is likely to be ~50%. Therefore, if x ml (x represents any volume) of blood is collected in total, the erythrocytes would require the addition of (50/3.0) × x ml of prewarmed complete RPMI to dilute to 3.0% hematocrit. The level of hematocrit can easily be measured, for example, on a Hematospin, in all donor mice on the day of transfection.
11| Remove a 100-µl sample of cell suspension and transfer it to a 1.5-ml micro test tube for analysis (this is the T 0 sample used in Step 13).
12|
Transfer the erythrocytes into 50-ml (25 cm 2 ) nonvented tissue culture flasks (10 ml of cell suspension per flask), gas the flasks gently for 30 s with a 5% O 2 , 7% CO 2 and 88% N 2 gas mixture and seal. Culture parasitized erythrocytes at 37 °C for maturation of schizonts (Fig. 1b) . ! cautIon Once the first donor mouse is exsanguinated, work must be performed quickly to minimize the time between isolation of parasites and their culture for maturation. We recommend that P.c. chabaudi culture techniques are practiced before transfection is attempted.
P.c. chabaudi schizont maturation • tIMInG ~4 h 13|
To calculate the total number of erythrocytes, transfer 10 µl of cell suspension from the T 0 sample to a second 1.5-ml micro test tube and dilute with the addition of 190 µl PBS. Transfer 10 µl of diluted cell suspension to a cell counting chamber and enumerate the number of erythrocytes in a 1 mm 2 area. Calculate the total number of erythrocytes isolated as follows:
No. of erythrocytes × 20 (dilution factor) × 10 4 × x ml (total volume of cell suspension)
14|
To calculate the proportion of parasitized erythrocytes, spin the remaining 90 µl of cell suspension from the T 0 sample in a bench-top microcentrifuge at 2,000g for 2 min at 4 °C. Carefully aspirate the entire supernatant and measure the volume of the cell pellet. Resuspend the cells in a volume of FBS equal to that of the cell pellet to re-establish hematocrit at 50%. Prepare a thin blood smear as standard (see Box 2), and enumerate the percentage of parasitized erythrocytes and the percentage of schizonts.
15| At 2 h (T 2 ), 3 h (T 3 ) and 4 h (T 4 )
after culture, remove a further 100 µl sample of cell suspension from each tissue culture flask and transfer to a 1.5-ml micro test tube for analysis. Gas the flasks gently (as in Step 12) and seal before returning them to 37 °C. Repeat Steps 13 and 14 with each new sample to monitor the maturation of P.c. chabaudi schizonts.  crItIcal step At T 0 , the mean percentage of schizonts should be 1-3%; after 4 h of culture at 37 °C, the mean percentage of schizonts is expected to be ~50%. The information collected from Steps 13 to 15 will accurately allow for the enumeration of schizonts throughout the maturation culture. Figure 2 shows the return we would expect from one donor mouse at the end of the culture.  crItIcal step After 4 h of culture, we observe a decrease in the percentage of schizonts, presumably because of in vitro rupture of schizonts and release of merozoites. Therefore, the culture should be stopped at the peak of maturation to maximize schizont yield. ! cautIon Enumeration of total erythrocytes, the percentage of parasitized erythrocytes and the percentage of schizonts, will routinely require 1 h of work. Therefore, the maturation culture will have progressed a further 1 h from the sampling time point. Thus, if the expected rate of maturation is observed at T 2 and T 3 , we stop the culture at T 4 , remove a sample for retrospective analysis of the endpoint and estimate the number of schizonts in the culture on the basis of our observations and their expected frequency.
? trouBlesHootInG transfection of P.c. chabaudi schizonts • tIMInG 1-2 h 16| At the end of the culture, bring the erythrocytes back into suspension by gently shaking the tissue culture flask, and transfer the cell suspension into 15 ml centrifuge tubes (or 50 ml tubes for large volumes). Pellet the cells by centrifugation at 400g for 5 min at 37 °C, and aspirate the supernatant.
17|
Resuspend erythrocytes in the appropriate volume of prewarmed complete RPMI to give a cell concentration of 2.5 × 10 7 schizonts per 1 ml of the medium. For each sample to be transfected, transfer 1 ml of cell suspension to a 1.5-ml micro test tube and pellet by centrifugation at 400g for 5 min at 37 °C. Aspirate the supernatant and proceed immediately to Step 18.  crItIcal step Perform transfections in duplicate for every vector, generating two separate lines of transformed parasites, which requires two controls. The first control (C1) consists of nontransfected schizonts under drug selection; it is used to determine the efficacy of pyrimethamine action. The second control (C2) includes mock-transfected schizonts without drug selection; it is used to determine the viability of matured and electroporated schizonts. Thus, for transfection of P.c. chabaudi with x vectors (x represents any number), you would require x × 2 samples + 2 control samples.
18| Mix 2-5 µg of linearized plasmid in 10 µl TE buffer with 100 µl basic parasite Nucleofector solution and transfer to a single sample tube containing 2.5 × 10 7 schizonts from Step 17. Gently resuspend the cells and transfer to a cuvette (supplied with the Basic Parasite Nucleofector Kit). Place the cuvette into the Nucleofector device and electroporate schizonts using program U-033.
19|
Immediately following electroporation, supplement the cell suspension with 100 µl of prewarmed complete RPMI and inject intravenously (i.v.) into a single recipient Rag2 − / − BALB/c mouse immobilized on a mouse restrainer.  crItIcal step Mice should be warmed under an infrared heat lamp for 5-10 min to dilate the tail veins. The heat source should not be closer than 30 cm from the top of the cage and mice must be monitored for signs of heat exhaustion or distress.  crItIcal step The tail should be wiped with 70% (vol/vol) ethanol immediately before injection using a 1-ml syringe with a 27-G, 0.5-inch needle. There must be no air bubbles or large particles in the cell suspension, and mice should be monitored for 2 h post injection for signs of embolism. ! cautIon The maximum volume that can be injected i.v. into a mouse is 10% of total blood volume, the latter estimated as 2 ml for a 20 g mouse. Therefore, the cell suspension volume must not exceed 200 µl.
20|
Repeat Steps 18-19 to generate duplicate lines of parasites transformed with each vector. In addition, for control C1, resuspend one sample of 2.5 × 10 7 schizonts in 100-µl Basic Parasite Nucleofector Solution (with no plasmid), supplement with 100-µl prewarmed complete RPMI and inject i.v. into a single recipient mouse. For control C2, resuspend one sample of 2.5 × 10 7 schizonts in 100 µl Basic Parasite Nucleofector Solution (with no plasmid), transfer to a cuvette and electroporate on program U-033, supplement with 100 µl prewarmed complete RPMI and inject i.v. into a single recipient mouse. 
28|
Transformed P.c. chabaudi can be characterized in several ways: use option A to identify parasitized erythrocytes by fluorescence microscopy, option B to identify parasitized erythrocytes by flow cytometry or option C to prepare parasite pellets that may be used to extract protein and genomic DNA for genotypic analysis.
(a) Identify parasitized erythrocytes by fluorescence microscopy (i) If transformed parasites are fluorescently tagged, place 6 µl of blood under a cover slip on a glass slide and detect fluorescence with a fluorescence microscope (Fig. 3a) . (B) Identify parasitized erythrocytes by flow cytometry (i) Flow cytometry can also be used for the analysis of blood to identify parasitized erythrocytes (Fig. 3b,c) . Box 4 describes the preparation of infected erythrocytes for flow cytometry. (ii) Pellet the erythrocytes by centrifugation in a microcentrifuge at 2,000g for 2 min at 4 °C, aspirate the supernatant and wash the cells three times with 400 µl PBS. (iii) Aspirate the supernatant, snap-freeze the cell pellet on dry ice and store long term at − 20 °C for DNA extraction 10 , or snap-freeze in liquid nitrogen and store long term at − 80 °C for protein extraction.
Box 3 | CRyopReseRvaTion of P.c. chabaudi 1 . Euthanize mice at between 20% and 40% parasitemia and collect the blood from the heart into 200 µl KSGH. 2. Measure the total volume of collected blood, add 10% (vol/vol) glycerol and carefully mix. 3. Transfer 200 µl into cryogenic vials and snap-freeze the parasitized erythrocytes in liquid nitrogen or on dry ice. 4. Cryopreserved P.c. chabaudi parasites are fragile and should be stored for the long term in liquid nitrogen. Storage at − 80 °C will rapidly reduce viability after 1-3 years. ! cautIon P.c. chabaudi parasites are most reliably cryopreserved at the ring stage, before the onset of DNA replication. Trophozoites can also be cryopreserved but with potentially reduced recovery. (iv) Integration of the vector into the genomic DNA can be assessed by PCR and Southern blot analysis 10 ( Fig. 4b,c) , and analysis of the protein expression of the gene encoded by the vector can be assessed by western blot analysis.
29|
Process the remaining blood for cryopreservation of parasites (see Box 3) to generate level 1 stabilates for each transformed line.
? trouBlesHootInG
Step 2: Parasitemia in donor mice is not at the expected level at day 7 post-infection. This could be because mice were infected with the wrong number of parasites or the parasites had low viability. Do not proceed with the transfection procedure; infect new donor Rag2 − / − BALB/c mice with a high dose of parasites isolated during the ascending curve of infection.
Step 3: Parasites are not at the late trophozoite stage of development. This could be because donor mice were not fully acclimatized to reverse light conditions or the timing of the light/dark cycles are not optimized. Do not proceed with the transfection procedure; confirm that the light/dark cycle used provides late trophozoite-stage parasites at the expected time of day, and infect new donor Rag2 − / − BALB/c mice.
Step 15: The number of schizonts is not increasing during culture. This could be because parasite maturation is delayed or has arrested because of not being maintained at 37 °C during isolation or culture or because of inhibitory culture conditions
Box 4 | flow CyTomeTRy analysis of P.c. chabaudi-infeCTed Blood
Figure 4 | An example of vector design and genotypic analysis of transformed P.c. chabaudi parasites. Parasites were transfected with plasmid pPc-mCh CAM that is designed to achieve targeted integration into the small subunit ribosomal RNA (SSu-rRNA) loci on P.c. chabaudi chromosomes 5 (C5) or 6 (C6). (a) The wild-type (WT) integration locus, plasmid construct and resultant genetically modified locus after vector integration by single crossover recombination. The vector contains the gene encoding the drug-selectable marker, Tg-dhfr, the fluorescent marker mCherry (mCh) between the constitutive EF1α promoter (P), 3′ untranslated sequence (3′ UTR) and target sequences (TR) for integration. The construct was linearized with SacII (S) before transfection. (b) PCR analysis of genomic DNA showing correct integration of pPc-mCh CAM into the SSu-rRNA locus on P.c. chabaudi C5. Primers C5-F1 (5′-GTAAATAAAAGCACTACTAATAAGTGTG-3′) and C6-F1 (5′-TGTAAATAAAAGCACTACTAATAAGTG-3′) are designed to anneal specifically to upstream regions of SSu-rRNA on P.c. chabaudi C5 or 6, respectively. Primer R1 (5′-TGGAGCCCTGTGATGATTC-3′) anneals with C5 and 6 SSu-rRNA sequences. Primer R2 (5′-AAGTAACGAGAAACCCAGTC-3′) anneals within the 38-bp region of pPc-mCh CAM target sequence that differs significantly from the P.c. chabaudi WT SSu-rRNA sequence. Verification of the 5′ integration site in P.c. chabaudi C5; C5-F1/R2 amplify a product in mCherry-expressing P. 
